Transparent brittle materials such as glass and sapphire are widely concerned and applied in consumer electronics, optoelectronic devices, etc. due to their excellent physical and chemical stability and good transparency. Growing research attention has been paid to developing novel methods for high-precision and high-quality machining of transparent brittle materials in the past few decades. Among the various techniques, laser machining has been proved to be an effective and flexible way to process all kinds of transparent brittle materials. In this review, a series of laser machining methods, e.g. laser full cutting, laser scribing, laser stealth dicing, laser filament, laser induced backside dry etching (LIBDE), and laser induced backside wet etching (LIBWE) are summarized. Additionally, applications of these techniques in micromachining, drilling and cutting, and patterning are introduced in detail. Current challenges and future prospects in this field are also discussed.
Introduction
Transparent brittle materials are highly important materials in applications to micro/nano-fabrication, microelectronic chips, biochips, biological channels, microfluidics, and optoelectronic devices because of its wide light transmission region, high corrosion resistance, chemical stability, high electrical insulation property, and high temperature and thermal shock resistance. For example, hard tempered glass is used as a display screen for smart phones. Hard and scratch-resistant sapphire can be applied to 3C products such as LED substrate, protection mirrors of mobile phone camera, and cover glass of smart watches, etc. Moreover, it is the preferred material of motion sensor, which is the important component of the autonomous driving technology, equipment for road monitoring and warning and display equipment of large window. It can protect the normal operation of equipment even in the harsh operating environment. At the same time, its material properties have been favored by military drones, deep sea dive equipment and aerospace technology.
Transparent brittle materials have superior performance and market applications, but hardness and brittleness are also intrinsic characteristics of them which can easily lead to cracking and chipping during machining of the material. Future trends of glass, sapphire and other materials in practical applications are becoming thinner and thinner, which lead to the higher requirements of machining quality. Therefore, the machining of ultra-precision cutting, drilling, grooving and surface structure on these brittle and fragile materials is currently a great challenge. Traditional machining methods for transparent brittle materials mainly include diamond cutting 1 and chemical etching 2 . Cracks and pits are prone to generate during machining, and the machining size is poorly controlled. Moreover, machining precision and efficiency are low, so it is difficult to meet the machining requirements. Non-traditional methods include hot air-jet cutting 3 , water-jet cutting and the machining quality and precision is high; (iii) It is easy to achieve automatically and intelligently, and the flexible machining is possible. The laser machining technology for transparent brittle materials is mainly divided into laser dry machining and laser wet machining 5 . Among them, the methods of laser dry machining include laser full cutting 6 , laser scribing 7 , laser stealth dicing 8 , laser filament 9 , and laser induced backside dry etching (LIBDE) 10 . Laser wet machining is mainly divided into laser induced front wet etching (LIFWE) 11 and laser induced backside wet etching (LIBWE) 12 .
In this paper, the methods of laser machining transparent brittle materials are introduced, such as laser full cutting, laser scribing, laser stealth dicing, laser filament, LIBDE, and LIBWE. Comparing the advantages and disadvantages of several machining methods, the applications of laser machining transparent brittle materials in micromachining, drilling and cutting, and patterning are reviewed, and the opportunities and challenges of laser machining of transparent brittle materials are discussed.
Methods of laser machining transparent brittle materials
Laser dry machining Laser full cutting Laser full cutting, also known as laser cutting, refers to irradiate the workpiece by using a focused laser beam of high-energy density, which is achieved by melting, vaporizing, or generating thermal stress. Since glass and sapphire are dielectric materials, the absorption of laser photons by laser irradiation excites electrons in the material, causing electrons to transit from a steady state to some excited state. When a long pulse laser acts on it, the material absorbs a single photon. When the energy exceeds the band gap of the material, the excited electrons transition is from the valence band to the conduction band. Ultrafast lasers can achieve electronic valence-to-conduction band transitions with multi-photon absorption due to their extremely high peak power density, even if the single photon energy is lower than the band gap of material. Laser cutting of glass and sapphire has two machining methods: one is full cutting (similar to the way of cutting sheet metal, using a cutting head) and the other is layer-by-layer scanning (using a galvanometer).
Sapphire and glass belong to the material of wide-band gap dielectric, and there is not a large amount of electrons in itself. When the long pulse laser acts on it, it corresponds to the thermal ablation process. Melting, vaporization, recast layer, surface micro cracks, thermal stress and fracture are caused, which limits the improvement of machining quality, as shown in Fig. 1(a) . At the same time, the application range of nanosecond laser machining of transparent brittle materials such as sapphire and glass is different. For example, sapphire can be processed by infrared, green, and ultraviolet (wavelength of 1064/532/355 nm) nanosecond lasers, but glass can't be processed by 1064 nm near-infrared laser. However, glass can be processed with mid-infrared (wavelength of 10640 nm), green and ultraviolet (wavelength of 532/355 nm) lasers.
Researchers [13] [14] pointed out that the pulse duration is most favorable for fine micromachining on the picosecond scale, and the pulse width of around 10 ps is better for laser micromachining. When an ultrashort pulse laser acts on a transparent medium, free electrons will be generated. Meanwhile, the generation of carriers must be completed by multi-photon ionization, tunneling effect or avalanche ionization, which is also the three typical ionization processes of femtosecond laser acting on transparent medium 15 . Multi-photon ionization occurs when the laser pulse electric field is regarded as perturbation. If the laser electric field is sufficiently high, the band will be severely distorted, resulting in the occurrence of tunneling ionization. When electrons at higher energy levels return to the bottom of the conduction band by in-band transitions, the electron in the valence band is simultaneously excited to the conduction band, resulting in avalanche ionization. Since the high peak power can generate strong nonlinear effects inside the transparent medium, the short pulse width can effectively suppress the for- Solid Solid mation of the heat affected zone. Therefore, ultra-short pulse machining of transparent brittle materials can achieve high-precision "cold machining" without obvious thermal stress and micro-cracks. It greatly improves the machining quality, which is shown in Fig. 1(b) .
Laser scribing
Laser scribing for brittle materials was originally proposed by Garibotti 7 . It is a two-stage process, as shown in Fig. 2 . In the first stage, the laser beam is focused on the focal plane of the workpiece, and a groove or deep hole with a depth of one third to one half of the material thickness is generated by the laser (Fig. 2(a) ). In the second stage, breaking by applying a mechanical force takes place normally with the help of vacuum chucks or by mechanical force 17 ( Fig. 2(b) ). At the same time, the breaking can also be applied by spraying water, jet, or laser beam to apply thermal stress or laser-induced thermal shock [18] [19] .
The general processing method is laser direct scanning. But Hong and co-workers 20 have put forward a new method of pocket scanning, which in computer assisted manufacturing (CAM) is defined as the "parallel overlapped scanning of paths". The results showed that the number of microcracks formed around the ablated grooves in pocket scanning was reduced significantly compared with that produced in laser direct scanning. For the purpose of theoretically clarifying the laser cross scribe mechanism, the laser cross scribe experiment and the three dimensional thermal elasticity analysis by means of the FEM were performed and the progress of the second scribing in the laser cross scribe was discussed by Yamamoto et al. 21 . The common laser scribing is focused on the front surface. However, Ahmed and co-workers 17 proposed an idea of fast cutting a display glass plate where the sample is pre-processed micromachining single shot rear-surface and internal void arrays aligned on working plane prior to glass cleaving. The results showed that the double-line void array scheme is more reliable than the single-line void array scheme.
Laser stealth dicing
In recent years, a laser dicing technique called stealth dicing has been introduced. First, a laser beam of a translucent wavelength is focused inside a brittle material and scanned along a predetermined path to form a starting point for division inside the brittle material, and a stress layer is formed, and then an external force is applied to the brittle material to separate it. Figs. 3(a) and 3(b) show the basic principle of the stealth dicing. When the laser is focused on the inside of the wafer, the crystal near the focusing is locally melted. When the temperature near the melting zone cools below the melting point of the material, cracks are generated in the recrystallized portion of the wafer. Then the wafer is broken by applying tensile stress in the vertical direction by tape expansion. The technology was originally applied to laser cutting of semiconductor wafers, and subsequently applied to the cutting of materials such as glass and sapphire.
Single-focus laser processing is difficult to ensure the quality of brittle materials along the thickness direction, and its taper is difficult to control. Therefore, in order to improve processing efficiency and processing quality, many researchers [23] [24] [25] [26] have explored and studied laser multifocal processing. The implementation of multifocal system functions usually requires the combination of diffractive optical elements and focusing lenses, mainly for the cutting of transparent materials. The spacing and number of focusing can be adjusted and controlled. The realization of the function of multifocal optical system usually requires the combination of Fresnel diffraction shaping lens and focusing lens ( Fig. 3(c) ). Fresnel lens has the characteristics of spotlight. Each circular groove can realize the function of focusing lens, and the light emitted from the same circular groove will focus together to form the center focus. But the laser beams emitted from different grooves are focused on different positions in the same horizontal direction, and eventually forming different focusing. The space between the focusing can be varied by adjusting another focusing lens. Several techniques for laser cutting glass based on stealth dicing were reported in some literatures [27] [28] . For example, stealth dicing can be achieved using dual spot optics [29] [30] , or multi-pass dotted line 17, 31 .
Laser filament
When the incident power of the laser exceeds the critical power (3 GW in air), the propagating beam does not show significant divergence due to the combined effects of various optical effects 32 . And a stable self-guided transmission is formed while maintaining stable energy transmission. It maintains long-distance transmission in an almost constant size, and its transmission length is at least several times longer than the Rayleigh length [33] [34] , forming a typical nonlinear phenomenon of the ultrafast laser in the medium-laser filament. Researchers have proposed self-guided model 35 , moving focus model 36 and dynamic spatial compensation model 37 to explain the main characteristics of the phenomenon of filamentation. The basic physical mechanism of the filamentation is widely accepted as the dynamic balance between the self-focusing of the laser beam caused by the optical Kerr effect and the plasma defocusing effect caused by weak ionization 38 . The length of the filament depends on the peak power of the incident laser and the loss of photons derived from multi-photon ionization and plasma inverse bremsstrahlung during transmission.
Gaussian beams are the most common beam shape for material machining, but it is not feasible for the requirements of a given material configurations or applications. For example, Song et al. 39 theoretically has studied Bessel, Gaussian, and Laguerre modes of femtosecond filamentation. They find that the lengths of the filament and the plasma channel induced by the Bessel incident beam is much longer than the other transverse modes with the same peak intensity, pulse duration, and beam diameter. Laser filament is a nonlinear optical phenomenon, which is the transmission of ultrafast laser in transparent media. The material is cut based on a "focus extended" filament. The Bessel beam has several intrinsic properties: (i) The intensity profile is more uniform along the propagation compared to a Gaussian beam; (ii) The beam presents a good stability under nonlinear propagation in dielectric materials; (iii) The beam has the self-reconstruction properties 40 . Laser induced backside dry etching (LIBDE) LIBDE uses solid layers (metal or non-metal materials) as absorbers. The technology was studied by many researchers [41] [42] [43] . There are two main processing methods, one is that there is a gap distance between the absorber and the target 44 , and the other is that the absorber is direct contact with the target for processing 45 . Pan and co-workers 46 studied the fabrication of micro-texture channel on glass by laser-induced plasma-assisted ablation. There is a certain gap distance between glass workpiece and sacrificial material. First, several phenomena appear on the upper surface of sacrificial material, such as heating, melting, vaporization and the formation of plasma. Then the glass workpiece is heated, melted and vapored by hot plasma. Finally, the molten glass material is removed and micro-channel forms on the glass surface. Gao and co-workers 47 show that the expansion of plasma also generates a shock wave during processing which induces a formidable recoil pressure upon the melt pool of glass. The molten glass material is removed by this shock wave and micro-channel forms on the glass surface. A method for generating a very smooth three-dimensional crystalline metal nanoscale structure has been developed. And large, uniform nanopatterns with an aspect ratio of five were successfully produced.
Moreover, Chao and co-workers 48 explored a relatively novel laser induced dry etching technique which was based on using a nonmetallic target to etch solar glass and interpreted the etching mechanism by using a ceramic wafer as an absorber. Initially, there is no gap distance between the glass and the ceramic wafer. After the laser action, a gap is formed between the solar glass and the wafer; the heat conductivity will be reduced and eventually blocked by the air gap. Then the etching process will cease. It is shown that Al 2 O 3 particles mainly play the role of energy conversion and heat conduction during the etching process.
Researchers 45,49 also used LIBDE for laser patterning. The authors' group and co-workers 50 used graphite as the absorber for laser patterning on glass, and the glass substrate was in close contact with the graphite plate pressed by external force. In the first stage, the graphite target was ablated by pulsed laser irradiation (Fig. 4(a) ), graphite particles vaporized immediately and created a dense plasma plume. In the second stage, the plasma exploded violently in the limited space and continued absorbing the laser energy as the laser pulse was applied. The third stage was the rapid quenching of the high temperature high-pressure plasma (Fig. 4(b) ). Under the effect of local high temperature and high pressure, the graphite particles were separated from the graphite surface quickly, contacted with the melting glass surface, and finally combined with the surface of the glass, forming a black pattern (Figs. 4(c) and 4(d) ). A black laser pattern realized on a glass substrate is shown in Fig. 4(e) .
Laser wet machining
Laser wet machining includes laser front wet machining and laser induced backside wet etching (LIBWE). It has unique advantages in machining the materials of heat sensitive, high hard and brittle, and high precision requirements. However, the working liquid of the laser front wet etching is placed on the workpiece. Then the liquid has a large loss of the laser reflection, the light absorption and scattering in the liquid is large. Therefore, the droplet on the workpiece acts as a lens to concentrate the beam so that the focus is not easily controlled. Then the beam quality is degraded and the surface quality is poor. Relatively, the focus of LIBWE is easier to control, the machining quality and precision are high, and the damage is small. Therefore, only the theoretical model of laser induced backside wet etching transparent brittle materials is introduced. Laser induced backside wet etching (LIBWE) LIBWE refers to the technique of applying working liquid on the surface of workpiece and then focusing the beam on the liquid-solid interface for machining. The technology is the main research method for machining the microstructure of transparent brittle materials. In this way, the microstructure can be prepared in transparent materials such as quartz glass or sapphire more quickly and accurately. The working solutions used in LIBWE are mainly organic solutions, metal salt solutions and mixed solutions containing metal particles, and have a direct influence on the removal model and mechanism.
(a) Removal mechanism and model In recent years, many researchers [51] [52] [53] have studied the removal model of LIBWE. Vass A three-dimensional thermal model was established by the authors' research group [57] [58] to simulate the material removal during the LIBWE process by considering the material data variations of temperature, enthalpy change and latent heat fusion. The results indicated that the material removal of LIBWE was based on laser interaction with multilayer materials (sapphire substrate-deposition layer-liquid solution), as shown in Fig. 5(a) . The pulse laser acted on the multi-media model, which was a repeated process in which the material was rapidly heated and then cooled until the next pulse was heated during the pulse width of each pulse, as shown in Fig. 5(b) . Furthermore, many researchers explained the removal mechanism of LIBWE by using these models. Sato et al. 59 showed that in laser-induced backside wet etching (LIBWE), the photo-activated region generated within organic solution would act on the glass surface and results in etching. It was indicated that the photo-activated region generated at the bottom of the trenches acted not only on the bottom of the trench but also on the sidewalls. Mitsuishi 60 showed that the machining was realized through material removal after melting by heat transfer from the absorbent particles. Hong and co-workers 61 revealed that the etching mechanism was a two-step process. The proposed mechanism of glass etching by the laser irradiation of 1064 nm to the copper sulphate solution is illustrated in Fig. 6 .
(b) Cavitation and micro-jet At the same time, many researchers find that the effect of cavitation and micro-jets on the etching mechanism is great. The dynamics process of cavitation bubble near a solid boundary was captured by Yang et al. 62 . It can be observed that a micro-jet directed to the wall surface is formed when the bubble collapses. In the process of LIBWE, the micro-jet impacts the molten material and takes away the debris generated during the etching process to achieve material removal 63 . The authors' group and co-workers [64] [65] [66] conducted experimental and theoretical studies on the cavitation phenomenon of LIBWE. Theoretical simulation of the dynamic of cavitation is shown in Fig. 7(a) . As can be seen from the figure, the cavitation bubble has experienced two stages of expansion and collapse. And the cavitation bubble volume expands to the maximum at 45 μs. At this time the diameter of the cavitation bubble along the laser incident direction is 0.52 mm, and the whole period of the cavitation is 120 μs. In order to verify the correctness of the theoretical model, the dynamic process of cavitation is taken by high-speed camera, as shown in Fig. 7(b) . It is found that the simulation results are basically consistent with the experimental results by comparing and analyzing the dynamic characteristics of the cavitation.
Furthermore, they 67 studied the effects of the laser repetition rate on the etching rate of sapphire using LIBWE with a 1064-nm ns laser and found that the etching rate was much higher when the laser was pulsed with a high repetition rate. By observing the evolution of laser-induced cavitation bubbles, they identified two etching mechanisms during LIBWE when high-repetitionrate laser pulses were used and determined that the incubation effect drove the transformation between the two mechanisms. The mechanism of the LIBWE process using near-infrared laser pulses with a low repetition rate and a high repetition rate is shown in Fig. 8 .
Kim 68 showed that the dynamic characteristics of the cavitation bubble, chamber size, and other environments had a great impact on the etching mechanism. The study confirmed that the photomechanical effects from the laser-induced bubble played a key role in the LIBWE process, revealing a linear relationship between the etch rate and the applied recoil momentum. (c) Temperature and pressure The temperature and pressure are also important factors affecting the mechanism of LIBWE. Liu and co-workers 69 studied the effect of liquid temperature on the collapse of cavitation bubble near a rigid boundary. The mechanism of liquid temperature influence on cavitation erosion also had been discussed. The results showed that liquid-jet impact pressure increases with liquid temperature and reached a peak, followed by a decrease. Through theoretical and experimental studies, Soliman et al. 70 found that the pressure and temperature during the process of LIBWE had a great influence on the machining quality. In addition, they estimated the pressure and the temperature inside the cavitation bubble on the basis of the agreement about the temporal variation of the size of the cavitation bubble.
The authors' research group [71] [72] conducted an experimental study on the pressure detection during the process of LIBWE. The acquisition devices of pressure signals are shown in Fig. 9(a) . The pressure signals are acquired at a laser energy density of 90.94 J/cm 2 , pulse width of 100 ns, laser repetition frequency of 2.5 kHz, detection distance of 2 mm. When the laser repetition frequency is 2.5 kHz, the interval between adjacent laser pulses is 400 μs. The researches show that at least a plasma shock pressure signal and a pressure signal generated by a bubble collapse are generated during a period of 400 μs, and both pressure signals are generated by a laser pulse. Figures 9(b) and 9(c) show the pressure signals during LIBWE at a laser repetition frequency of 2.5 kHz. The whole acquisition time of the pulse pressure signals is 108 ms (Fig.  9(b) ). By amplifying part of the pressure signals, it can be found that the time interval between the pulse pressure signals a-c, c-e and e-g is 400 μs (Fig. 9(c) ). This is in complete agreement with the corresponding pulse time interval corresponding to the laser repetition frequency of 2.5 kHz, that is, the pulse signals a, c, e and g are respectively generated by different laser pulses. The results show that the pulse pressure signals of a, c, e and g are generated by plasma shock waves. However, the pressure signals of b, d, f and h are generated by the collapse of the bubble, that is, the time corresponding to the first collapse of the bubble.
In summary, the above-mentioned methods for laser machining transparent brittle materials have their own characteristics in terms of edge breakage, thermal stress, machining efficiency, machining quality, precision, system stability, process stability and cost. Table 1 compares the advantages and disadvantages of these machining methods. And the machining requirements become higher and higher with the decreasing feature size and increasingly complex structure. Qiao et al. 73 reported the integration of microlens and microfluidic channels in fused silica glass chip using femtosecond laser micromachining. In addition, they demonstrated that the fabricated microlens exhibits good imaging performance with a 5× magnification, showing great potential in future lab-on-a-chip applications (Fig. 10) .
Liu and co-workers 74 reported a technology of fabrication and stitching of internal 2D, 1D and multi-layer micro-gratings in fused silica glass using amplified Ti: sapphire femtosecond laser. Single-layer 1D (Fig. 11(a) ) and 2D ( Fig. 11(b) ) as well as double-layer and stitched double-layer 1D (Figs. 11(c) and 11(d)) internal micro-gratings with the size of 400 μm× 400 μm were fabricated using a femtosecond laser-based writing process and were characterized regarding their structure and properties. The double-layer gratings have a diffraction efficiency of about 25%, which is three times higher than that of single-layer counterparts. The stitched double-layer gratings have the doubled line density, which is not limited by optical diffraction limit. This multi-layer writing technique, combined with the 3D stitching technique, not only provides the high performance gratings, but also opens the door to easily manipulate the diffraction efficiency of gratings through adjusting the inter-layer displacement and the line density by stitching the pitch.
Queste and co-workers 75 have manufactured micro-channels with a roughness of 100-150 nm in borosilicate glass by femtosecond laser. Fig. 12 shows details of the microfluidic chip. The strategy is to write lines spaced by 5 μm along the largest dimension. The channel was written first, then the reservoir, which causes the pitting in the overlapping zone which can be seen in Fig. 12(a) . The profile angle is comprised between 80° and 85°. The surface is smooth around the machined areas. The bottom roughness is a bit high, on the order of 100-150 nm (Ra) (Fig. 12(d) ).
Drilling and cutting
The fundamental properties of the picosecond laser machining of quartz glass were investigated by Ji et al. 76 . Circle and triangle micro-through-hole arrays without cracks, chips, and debris were machined in 0.3-mm-thick quartz glass by picosecond laser in air ambient. The diameter of each circle through-hole was 550 μm, and the side length of each triangle hole is 500 μm. 30 μm spacing between the adjacent hole edges and the smooth machined surface with Ra=0.8 μm roughness depicted the high precision of the high-density micro-through-hole arrays. The SEM micrograph of a circle micro-throughhole array is shown in Fig. 13 .
Gao and Jiang 77-78 configured a copper sulfate mixed solution with high absorption rate for infrared laser. The sapphire is cut by LIBWE with the mixed solution. The surface quality of the cutting is good, and there is no obvious recast layer and chipping, as shown in Figs. 14(a)  and 14(b) .
The tempered glass, quartz glass and solar glass were cut with a 532 nm nanosecond laser by Shen and co-workers 79 . The finished product was used as screen protectors for mobile phones, mobile phone panels, and solar panels. The samples are shown in Figs. 14(c)-14(e).
Patterning
Laser patterning is currently used for different purposes, such as bar codes for product tracking, brand logos or just decoration. Many researchers [80] [81] [82] have analyzed the influencing factors of laser patterning. And they have been studying how to get good surface quality and durability of patterning. Zhang and co-workers 83 introduced the advantages of laser patterning technology and the difficulty of patterning glass surface. Patterning texts on glass with three different ways, and the effects of different parameters on each patterning method were investigated.
Sato and co-workers 84 fabricated micropit array structures on silica glass by fast beam scanning LIBWE , which was employed for fast and flexible laser patterning of glass materials. It was confirmed that micropits with maximum depths up to 0.35 μm could be fabricated by single pulse irradiation without crack formation.
Niino and co-workers 85-89 fabricated patterns using laser-induced backside wet etching (LIBWE). Well defined line-and-space and grid micropatterns, free of debris and microcracks, were obtained. A SEM micrograph of the line-and-space pattern on the surface of the fused silica sample is shown in Fig. 15(a) . The profile of the etched surface clearly demonstrates that the etched edge was quite sharp, and the bottom of the holes was very flat (Fig.  15(b) ).
Sohn et al. 90 demonstrated the design and development of a synchronized femtosecond laser pulse switching system and its applications in nano-patterning of transparent materials. Using the synchronized laser system, they patterned synchronized nano-holes on the surface of and inside various transparent materials including fused silica glass and polymethyl methacrylate to replicate any image or pattern on the surface of or inside (transparent) materials. The surface of flint glass of type F2 is patterned with nanosecond KrF excimer laser ablation by Ihlemann et al. 91 The SEM images of crossed grating patterns on F2 glass is shown in Fig. 16 .
Conclusions and outlook
We have summarized the theoretical model in the field of transparent brittle materials from the perspective of laser fabrication strategies and their wide applications. And the advantages and disadvantages of various methods are summarized. Finally, the applications in micromachining, drilling and cutting, and patterning are reviewed in detail.
With the widespread use of transparent brittle materials in products such as smartphones, LEDs, tablets, wearable devices, and touch screen displays, there are more and more lasers, laser systems, and related scientific research organizations working on such materials. It also promotes the continuous development and breakthrough of laser technology in the field of transparent brittle materials machining. However, there are still some problems in the machining of such materials, such as how to reduce the machining steps, reduce material waste and dry process, and how to continuously improve the overall performance, and make breakthroughs in machining quality, machining efficiency, yield and mass production. Ultrathin glass substrates and 3D glass are mainly used in the field of flexibility and solar energy. However, such kinds of materials are prone to defects or even cracks during machining. Therefore, how to ensure the mechanical strength requirements after machining will be the challenges for the future applications of this kind of glass.
In recent years, flexible OLEDs and AMOLEDs have developed rapidly. Due to their advantages of lightness, excellent color expression, suitable for full screen, and new side operation dimensions, they will become the next generation mainstream display technology. With the development of this technology, dual 3D glass will be expected to become the most mainstream design scheme of mobile phone in the future, so the machining of dual 3D glass is also a challenging technology.
Many scholars have studied the micro and macro phenomena in the process of LIBWE, such as the pressure of the shock wave, the dynamic characteristics of cavitation bubble, effect of the micro jet and the liquid environment on the etching mechanism. However, the mechanism of LIBWE is not systematic. The stability of laser multifocal stealth dicing system is low, and the adjustment of optical system is difficult. Laser filamentation is a new scientific phenomenon in which complex multi-filament competition brings a challenge for high-precision machining based on the filament effect. Meanwhile, the regular of laser filamentation and its evolution mechanism need further studies. The above complex phenomena and problems need to be solved and further studied.
In short, laser technology plays an important role in the fabrication and applications of micro/nanostructures of transparent brittle materials. With the rapid development of new machining strategies, the fabrication of micro/nano-structures in transparent brittle materials with arbitrary shapes, improved roughness and high resolution may be realized shortly. Undoubtedly, with the support of laser technology, micro/nano-structures and optoelectronic devices based on transparent brittle materials will find increasingly broad applications in both scientific research and practical use in the near future.
